Brain energy metabolism is held to reflect energy demanding processes in neuropil related to the density and activity of synapses. There is recent evidence that men have higher density of synapses in temporal cortex than women. One consequence of these differences would be different rates of cortical energy turnover and blood flow in men and women. To test the hypotheses that rates of oxygen consumption (CMRO 2 ) and cerebral blood flow are higher in men than in women in regions of cerebral cortex, and that the differences persist with aging, we used positron emission tomography to determine cerebral blood flow and cerebral metabolic rate of oxygen as functions of age in healthy volunteers of both sexes. Cerebral metabolic rate of oxygen did not change with age for either sex and there were no differences of mean values of cerebral metabolic rate of oxygen between men and women in cerebral cortex. Women had significant decreases of cerebral blood flow as function of age in frontal and parietal lobes. Young women had significantly higher cerebral blood flow than men in frontal and temporal lobes, but these differences had disappeared at age 65. The absent sex difference of cerebral energy turnover suggests that the known differences of synaptic density between the sexes are counteracted by opposite differences of individual synaptic activity.
Introduction
The neuropil is responsible for a large part of the brain's oxygen consumption, with 62% of neuronal mitochondria found in dendrites. 1 Neuronal signaling has been estimated to account for $75% of cortical energy consumption, while the remaining 25% is used for housekeeping. Of the 75%, 44% is used on synaptic transmission and 16% on action potentials, i.e., energy usage directly related to neuronal firing. 2 A recent study 3 showed that men have higher synaptic density in temporal cortex than women. Because total energy turnover depends on the density of synapses as well as on the strength of individual synapses, as expressed by the large fraction of the energy budget accounted for by synaptic activity, including postsynaptic depolarization, 2 we expect the higher density of synapses in men to be associated with a higher rate of oxygen metabolism, when men are compared to women.
Measures of cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO 2 ) have been recorded for more than half a century, yet the effects of age and sex on these variables are not fully elucidated. Leenders et al. 4 showed lower CBF and CMRO 2 in older subjects compared to younger, but did not study the effect of sex. The effects of gender on CBF were studied extensively by both positron emission tomography (PET) and single-photon emission computed tomography (SPECT), [5] [6] [7] [8] [9] [10] [11] [12] showing that CBF is lower in men than in women. However, among CMRO 2 studies, only one tested for a difference between men and women, but no difference was revealed. 9 In an early study, Raichle et al. 13 concluded that CBF and CMRO 2 are tightly coupled. A recent study by Ibaraki et al. 9 showed that CBF is significantly higher in women than in men, as shown previously with PET and SPECT, while CMRO 2 is the same in the two sexes, suggesting different resting state oxygen extraction fractions (OEF) in men and women. Thus, the measures of synaptic density ex vivo, and of CBF and metabolism in vivo, do not agree. One hypothetical explanation of this discrepancy could be lower synaptic strength in men than in women, with consequences for neurovascular regulation.
The measures of CBF have great variability in healthy subjects (for review, see Aanerud et al. 14 ) . Previous studies addressed the variability of CBF in relation to the arterial CO 2 concentration and revealed that both hypo-and hypercapnia influence CBF significantly. [15] [16] [17] A more recent study 9 found the CBF measure to be inversely correlated with the hemoglobin concentration, whereas the CMRO 2 measure was unrelated to the levels of the hemoglobin concentration. However, in all four studies, CBF measures were highly variable, also after correction for the CO 2 tension and hemoglobin concentration differences. The origin of the remaining variability is not known, although differences of neuronal uncoupling 18 and functional activity of brain tissue 17 are possible explanations.
In the present study, we tested the hypotheses (1) that men have higher rates of cortical oxygen consumption than women, and (2) that this difference persists with aging.
Materials and methods

Subjects
Fifty-eight healthy subjects (38 men) between 21 and 65 years were included from previous studies conducted at the PET-center at Aarhus University Hospitals from 1999 to 2005. 14 Each subject underwent an interview, and a physical and neurological examination to exclude neurological and psychiatric disease, and use of medication that could influence blood flow or metabolism. Further information on these subjects has been published earlier. [19] [20] [21] [22] [23] We obtained written informed consent from all subjects to the protocols approved by the official Science Ethics Committee of Region Mid-Jutland, in accordance with the declaration of Helsinki.
Magnetic resonance imaging
The majority of the subjects had T1-weighted scans obtained on a 3.0 T Signa Excite GE Magnet using a 3DIR-fSPGR sequence (256 Â 256, TE1 ¼ min full, TI ¼ 450, slice thickness ¼ 1.5 mm). A few subjects were scanned with GE MR 1.5-T Echo Speed tomograph (3D-SPGR, 256 Â 256, 1 Splap, NEX: 1, slice thickness 1.5). recording. All records were obtained with the subjects resting in a supine position in a quiet room with eyes open, except in one study where subjects had their eyes closed. Recordings were acquired in 3D mode with an ECAT EXACT HR 47 (CTI/Siemens) whole-body tomograph. Isometric resolution was 4.6 mm. To minimize any possible group effects, all PET images were collected as raw images and then reconstructed as 128 Â 128 matrices of 2 Â 2 mm voxels using filtered back-projections with a 0.5 cycle À1 Hann filter. The reconstructed images were corrected for random and scatter events, detector efficiency variations, and dead time. Tissue attenuation scans were performed using a rotating 68 Ge source. Catheters were inserted in the left radial artery and right cubital vein. The arterial blood radioactivity was measured by an automated blood sampling system (Allogg AB, Mariefred, Sweden), crosscalibrated with the tomograph, and then corrected for external delay and dispersion. Dynamic emission recordings lasting 3 min (21 frames) were initiated upon bolus intravenous injection of [ 15 
PET
Image processing
The dynamic PET scans were blurred to a full-width half-maximum (FWHM) of 6 mm. Parametric maps of the unidirectional clearances (K 1 ) of the two tracers were calculated with the linearized two-compartment model, 24 as extended by Ohta et al., 25, 26 in which we obtained measures of CMRO 2 by multiplication with the arterial oxygen concentration. We used Lawson and Hanson 27 non-negative least squares to solve general least squares functions. Individual MR images were coregistered, by a combination of linear and non-linear coregistration, 28, 29 to a template consisting of 85 brains from young healthy people in ICBM152 space. 30 Summed PET images were coregistered to individual MR images, and the concatenated transformation files were applied to the dynamic PET images. The automated coregistration algorithm extracted a binary mask of cortical gray matter (GM) from each individual's MR image. These binary masks were then multiplied with generic masks for each volume of interest (VOI), yielding individualized masks for all VOIs. The GM masks were manipulated to be of approximately the same thickness as the PET signal from cortical GM.
Data analysis
The individualized masks were used to extract mean GM values from parametric PET images. Where subjects had two CMRO 2 images, we used the mean. First, a mixed-model multi-linear regression was performed on logarithmically transformed data to account for differences in mean CBF and CMRO 2 among the groups of subjects from separate studies. [19] [20] [21] [22] [23] Calculations were performed in STATA IC 10 for Mac (TX, USA). Individual PET images were then corrected for group differences, and linear regressions with the interaction between age and sex as dependent variables, were performed in all VOIs. As mentioned above, hemoglobin concentration and P a CO 2 have been found to positively correlate with CBF. 9, 15, 16 Therefore, P a CO 2 and hemoglobin concentration were added as covariates in the regression of CBF over age.
Differences in blood flow and metabolism between men and women were calculated by means of the regression, where y-intercepts were set at either age 20 or age 65. The difference between men and women was then given as the difference between intercepts for each sex's regression line ( Figure 3 ). Interaction between sex and age was investigated by comparing regression coefficients for men and women.
Mean images were calculated from individual parametric images, corrected for variations between studies, pCO 2 , and hemoglobin concentration. The ''young'' group of subjects was composed of all subjects 49 years of age or younger, and the ''old'' group of subjects as all subjects 50 years of age or older.
A percentage difference image for the ''young'' age group was calculated voxel-wise by the formula 100 (CBFwomen-CBFmen)/CBFmen. Voxel-wise Student's t-test for differences between men and women in the ''young'' age groups was calculated using Statistical Parametric Mapping (SPM 8) (London, UK) in MATLAB (R2008b) (Natick, MA) after smoothing individual images with a Gaussian filter FWHM 8 mm isometric (threshold p < 0.01, uncorrected, extent 20 voxels). Figures 1 and 2 show the mean CBF and CMRO 2 images, respectively. The CBF maps (Figure 1 ) display the highest values in the thalamus and occipital cortex and generally higher CBF in cortex than in white matter. CMRO 2 maps also display higher values in cortical and subcortical GM than in white matter, with occipital cortex having considerably higher metabolism than the remaining parts of the GM.
Results
Gender effect
Numerically, CBF was higher in women than in men (Figures 1, 3 , and 4, and Tables 1 and 2), and the effect was significant at age 20 in parietal and temporal lobes, while in cortical GM, the difference was close to significance with p ¼ 0.06. In older subjects, CBF did not differ between the sexes. As shown in Table 2 , the CMRO 2 measures revealed no difference between the sexes in young or old subjects (all p values >0.3). The regression coefficients for CBF and CMRO 2 over age were tested for differences between men and women, and none were significant (all p values >0.2).
Aging effect
As seen in Figures 1 and 2 , CBF rates generally declined with age, while oxygen metabolism remained stable. We noted an insignificant trend towards higher CBF and CMRO 2 measures in older men than in younger men in the visual cortex (Table 1) . For CBF, women had significant declines with age of the frontal and parietal cortices, as well as a trend towards Figure 4 . Top row shows areas where women under 50 years have higher CBF than men in the same age group in percentage (not tested for significant differences). Color bar refers to percentage differences. Bottom row illustrates areas where women had significantly higher CBF than men. CBF differences and statistically significant clusters are superimposed on an average MRI brain template in MNI space. Figure 3 . Plots of cortical gray CBF (mL/100 g/min) and CMRO 2 (mmol/100 g/min) in men (black circles) and women (red circles), adjusted for the effects of studies and age, and in the case of CBF also adjusted for PCO 2 and hemoglobin concentration. Black lines are regression line for men and red lines for women. For more details, see Table 1 .
decrease in temporal cortex and cortical GM in general (Table 1) . Men had no significant decline. For CMRO 2 , no significant changes were observed in either sex.
The percentage difference image (Figure 4 ) shows areas where women under the age of 50 had higher CBF estimates than men of the same age group. The images show higher CBF estimates in large parts of cortex, white matter, and subcortical structures, with the majority of significant areas residing in white matter. Testing for voxels in which CBF estimates of men exceeded those of women in the same age group did not yield any significant sites.
Discussion
To our knowledge, this is the first study of the differences of brain oxygen consumption between men and women during aging. Contrary to the first hypothesis, oxygen consumption neither differed between men and women, nor changed with age. Pakkenberg and Gundersen 30 showed that neocortical thickness is constant in healthy aging from 18 to 93 years of age. They also found a significant difference of neocortical thickness between the sexes, with men having a 4.1% thicker cortex. In terms of the partial volume effect, these differences would have no significant impact on the present measures, as neocortex averages 2.72 mm in men and 2.61 mm in women, compared to the PET resolution of 5 mm. However, as Alonso-Nanclares et al. 3 found that synaptic density is higher in men than in women, we expected oxygen metabolism to be higher in men than in women. A possible, albeit speculative, conclusion from the lack of difference between the CMRO 2 measures of the two sexes can be a lower rate of Table 1 . Mean values for CBF (mL/100 g/min) and CMRO 2 (mmol/100 g/min) are given for each VOI at 20 and 65 years (SD). synaptic transmission per spine or neuron in men than in women, in keeping with the higher total number of neurons in cerebral cortex of men compared to women. 30 The relations between sex and CBF were studied extensively in the past, and most authors report higher CBF in women than in men, [4] [5] [6] [7] [8] [9] [10] [11] [12] with a single report of CBF measures that did not differ between the sexes. 31 The present results indicate that women do have higher blood flow rates than men, but only in young subjects, in whom the difference is significant in temporal and parietal cortices. Interestingly, with advancing age, women's CBF measures approach those of men: At age 65, none of the differences remains, as also noted in some earlier studies. 8, [32] [33] [34] Since the subjects included in this study were participants in earlier studies, our statistical analysis accounted for any systematic differences between groups through means of a mixed-model multi-variate regression.
CBF
It is well known that men have higher arterial hemoglobin concentrations than women, and this was also the case in the present study, both in the younger (<50 years) and older (!50 years) age groups. Since measures of oxygen consumption had the same magnitudes in men and women, a reasonable explanation would be that neurovascular regulatory mechanisms raised CBF in women to maintain a normal oxygen supply. In the group of young subjects, the mean hemoglobin concentration difference was 1.3 mM (p < 0.0001, two-sided t-test). In the group of old subjects, the difference was 0.8 mM (p ¼ 0.004, two-sided ttest). We found the CBF of women to decline with aging to the same level as in men, at variance with the hypothesis that higher CBF in women is a compensation for lower oxygen carrying capacity.
It is speculated that the higher CBF in women could be due to higher levels of estrogens. 35 Chang et al. 36 used aortic smooth muscle in rats to show that estradiol increased activity of prostaglandin cyclooxygenase and prostaglandin synthetase, thereby increasing prostacyclin bioreactivity. Prostacyclin has a permissive role in the vasodilatory effect of carbon dioxide 37 and Masotti et al. 38 measured prostacyclin levels and found higher levels in young women compared to young men. In old age, there was no difference between men and women. Kastrup et al. 35 tested flow in middle cerebral arteries in men and women during varying levels of CO 2 and found that women have a greater response to increased CO 2 than men. When the authors blocked the production of prostacyclin (and other cyclooxygenases) with indomethacin, the CO 2 reactivity became the same in the two sexes. This indicates that women of reproductive age with higher estrogen and prostacyclin levels than men, and therefore higher vascular CO 2 reactivity, would have higher CBF per unit CO 2 . When women reach menopause, both estrogen and prostacyclin levels approach those of men, as does their CO 2 reactivity. This interpretation fits the present findings when we remove the PCO 2 from the CBF analysis and still find that young women have higher CBF than young men, while there was no difference between sexes in the older age group. Thus, even when young men and women have the same PCO 2 , the vasodilatory effect of any given CO 2 level would be greater in women.
There was a tendency towards decreased CBF for men, but this did not reach significance. The large variability of CBF in healthy people 39 may have contributed to the absent statistical evidence of CBF decrease in men. PET studies of aging have a potential bias in the degree of atrophy that in principle can account for the decrease in signal with increasing age, 4, 40 and the results did reveal decreased CBF in women during aging. The decline with age of CBF in women, in theory can be biased by atrophy, but the lack of change of CMRO 2 with age makes this explanation less likely.
Conclusion
We tested whether measures of CBF and CMRO 2 are different in men and women, and whether aging affects CBF and CMRO 2 differently in men and women. The measures of CMRO 2 were the same in the two sexes and remained stable during aging. The observation that there is no difference of CMRO 2 between the sexes implies that men may have lower relative synaptic activity in cerebral cortex, in light of recent evidence that men have higher synaptic density than women. Young women have significantly higher blood flows in the temporal and parietal lobes and nearly significantly higher in cortical GM as a whole, when compared to men. At age 65, no differences remained. Women's CBF measures also decreased significantly with aging (frontal and parietal lobes), while men's CBF measures did not change with age. Our findings support an earlier hypothesis 35 that women of reproductive age have a higher capacity for vasodilatory response to CO 2 , possibly due to estrogens with increased prostacyclin production.
